Element concentration in wheat grains is an important objective of plant breeding programs. For this purpose, synthetic hexaploid lines (Triticum durum × Aegilops tauschii) have been identified as potential sources of high element concentration in grains. However, it is not known if these lines reach higher element concentrations in grains as the consequence of a dilution effect due to lower grain yield. In addition, most of the studies carried out with these lines did not evaluate above-ground element uptake. The objective of this study was to improve understanding of grain element concentrations as a function of grain yield, element uptake and biomass and element partitioning to grains in synthetic and conventional cultivars of wheat. One experiment with two standard sowing dates was carried out under field conditions. Biomass, grain yield, and macronutrient (Ca, Mg, K, P and S) and micronutrient (Cu, Fe, Mn and Zn) concentrations in grains and vegetative tissues were measured in two cultivars and one synthetic (chosen from ten lines). The synthetic showed higher element concentration in grains, e.g. between 25 and 30% for Fe, Mn and Zn across sowing dates, than cultivars while grain yield was similar or lower, depending on the sowing date. On the contrary, the synthetic showed lower concentration of Ca in grains. This line showed also higher uptake of Fe, Mn, K and P than cultivars. The superior grain element concentration of the synthetic line was not only due to a dilution effect but also to a higher uptake efficiency. Therefore, synthetics would be a valuable source of germplasm for increasing element grain concentration, at least in this case for Fe, Mn, K and P.
Introduction
Plant breeding has been notably successful in increasing grain yield potential of wheat world-wide (Loss & Siddique, 1994; Slafer et al., 1994; Calderini et al., 1999) . At the same time, plant breeding has had a lower level of success in improving grain quality traits (Ortiz-Monasterio et al., 1997a) . Thus, a significant reduction in grain-nitrogen and grain-phosphorus concentrations has been reported in studies evaluating wheat cultivars released during different eras (Austin et al., 1980; Paccaud et al., 1985; Feil & Geisler, 1988; Slafer et al., 1990; Canevara et al., 1994; Calderini et al., 1995; Ortiz-Monasterio et al., 1997a) . The cause of the differential effect of wheat breeding on grain yield and nutrient concentration seems to be a biomass dilution effect on nitrogen and phosphorus, by which the increase of these elements accumulated in grains were lower than the increase of grain yield (Austin et al., 1980; Slafer et al., 1994; Calderini et al., 1955; Ortiz-Monasterio et al., 1997a) . In contrast, Ortiz-Monasterio & Graham (2000) found a very weak association (r 2 = -0.33) between Fe or Zn concentrations of grains and the year of release of CIMMYT's cultivars between 1950 and 1992. The same set of cultivars showed a positive relationship (r 2 = 0.72) between grain yield and year of release. These reports suggests that the effect of wheat breeding on nutrient concentration would depend on the element, e.g. while macronutrient concentration of grains was clearly neg-atively affected by plant breeding, micronutrient concentration showed a negligible negative effect. The differential effect of wheat breeding on macro and micronutrient concentration in grains may be due to the fact that plant requirements for macronutrients are substantially higher than those for micronutrients. Thus, the increase of yield potential achieved by wheat breeding decreased the source-sink ratio of both macro and micronutrients. While these changes limited the source of macronutrients they were not large enough to limit the source of nutrients required in small amounts (e.g. Fe and Zn). However, taking into account that the objective of increasing yield potential in wheat is still a central aim of breeding programs (Reynolds et al., 1996; Reynolds et al., 1999) it is possible that micronutrient concentration in grains could also be reduced in the future.
Recently, Welch & Graham (1999) pointed out that crops with an improved balanced nutrition should be an important aim of crop production systems. Underwood (2000) stated that there now exists an opportunity for developing more nutrient-dense staple food crops as a new strategy to help fight micronutrient deficiencies in humans. In addition, element concentration of seeds is also important for seedling vigour (Longnecker et al., 1991; Rengel & Graham, 1995; Richards & Lukacs, 2002) . Undoubtedly, plant breeding is one of the most cost effective, and environmentally safe, approaches to meet these demands (Reynolds et al., 1996) .
Future breeding programs seeking to further increase grain yield may simultaneously increase grain element concentration, using the following approaches; (i) to Identify lines with an improved ability to partition elements to the grain without changes in nutrient uptake, (ii) to select lines with greater ability for element uptake, whilst maintaining the present high values of partitioning to the grain, and (iii) to choose lines that have both (i) and (ii). Studies on nitrogen, the element most evaluated with respect to the development of nutrient-dense crops, have shown that the former approach, i.e. (i), has notoriously been carried out by wheat breeding (Slafer et al., 1994; Calderini et al., 1999) increasing nitrogen harvest index of modern wheat cultivars up to 75% (e.g. Calderini et al., 1995; Ortiz-Monasterio et al., 1997b) . However, this was not enough to maintain grain nitrogen concentration. Similar results have been reported for phosphorus (Calderini et al., 1995) . In the past, increases of element harvest indexes were associated with dry matter partitioning. However, it seems that this way would not be an auspicious strategy for continuing increasing element harvest index as dry matter harvest index of modern cultivars is close to the theoretical maximum (Austin et al., 1980; Slafer et al., 1994) . In addition, element harvest indexes (e.g. nitrogen and phosphorus), which are already at high values (75%), could also be difficult to increase.
On the contrary, wheat breeding has not (Slafer et al., 1994; Calderini et al., 1999) or scarcely (Austin et al., 1980; Ortiz-Monasterio et al., 1997b) increased element uptake (e.g. nitrogen and phosphorus). Thus, if available, the alternative of selecting lines with higher ability for element uptake (maintaining or increasing the present values of nitrogen partitioning to the grains) should be explored by wheat breeders. A promising alternative to achieve this objective is to use crosses with wild relatives of wheat. For example, Levy & Feldman (1987) increased grain protein concentration in high-yielding wheats by using genes from Triticum turgidum var. dicoccoides. These genes, interacting with those of the backgrounds of the high-yielding cultivars, brought about a more efficient uptake of soil nitrogen. In addition, Kushnir & Halloran (1984) also found that several Triticum turgidum var. dicoccoides genotypes of high grain protein percentage showed a higher capacity for nitrogen uptake than modern wheat cultivars. During the last decades, CIMMYT has developed an important program of wide crosses and hybridization between tetraploids (e.g. Triticum durum) and wild diploid relatives (e.g. Aegilops tauschii) which provide a wide range of variability for biotic and abiotic stresses (Mujeeb-Kazi, 1995) . Synthetic wheat may have a greater accumulation of elements in the grain as Aegilops tauschii has higher concentration of iron and zinc in the grain than T. aestivum (Ortiz-Monasterio & Graham, 2000) . In addition, previous reports have shown that synthetic hexaploids have higher concentrations of both macro and micronutrients in individual grains than T. aestivum (Calderini & Ortiz-Monasterio, 2003) . However, little is known about the ability of synthetic lines to take up nutrients, and to what extent the higher element concentration found in synthetic lines is due to a lower dilution of nutrients in grain dry matter. Taking this into account, and considering the increasing use of synthetic lines in CIMMYT's breeding programs (Villareal et al., 1994) , the objectives of this work were: (1) to evaluate macro and micronutriet uptake, partitioning and grain concentrations in crops of modern, high yielding cultivars and a promising synthetic hexaploid line of wheat; and (2) to study the cause, and possible dilution effects, of the different element concentrations in grains of modern cultivars and synthetic hexaploids.
Materials and methods
The study was carried out under field conditions at the International Maize and Wheat Improvement Center (CIMMYT), El Batán, Mexico (19 • 31'N, 98 • 50'W elevation 2249 m above sea level) in 1998. The treatment design was a factorial combination of two sowing dates, 22 May (S 1 ) and 17 June (S 2 ), and three wheat genotypes: two high yielding cultivars developed by CIMMYT (Bacanora T88 and Rayón F89) and one hexaploid synthetic line [68.111 / RGB-4 // WARD / 3 / FGO / 4 / RABI / 5 / Ae. Sq. (878)] also developed by CIMMYT. The synthetic line was chosen from 10 lines sown in Ciudad Obregón during the 1997-98 growing season, based on its similarity in crop phenology, plant height and grain yield to modern cultivars e.g., Bacanora T88 and Rayón F89, and, therefore, the feasibility of incorporating the lines into a breeding program (Calderini & Reynolds, unpublished data. Partial information is available in Calderini & Reynolds, 2000) .
Experimental plots consisted of four rows 5 m long seeded on two raised beds. Bed spacing was 75 cm (centre to centre) and the spacing of the two rows on top of each bed 20 cm. Seeds were sown at 3 cm spacing within each row. Plots were arranged in a split-plot design with three replications. Main plots were assigned to sowing dates and subplots to genotypes. Mineral nitrogen was applied at 150 kg N ha −1 as urea and incorporated during land preparation. Plants were not limited by available nutrients in the soil (soil chemical analysis is shown in Calderini & Ortiz-Monasterio, 2003 ; Table 1 ). The plots were surface irrigated at sowing and irrigation was continued as required until physiological maturity. The experiment was maintained free of biotic stresses. Weeds were periodically removed by hand, while diseases (powdery mildew) and insects (aphids) were prevented by application of Tebuconazole {α-[2-(4 chlorophenyl) ethyl-α-(1-1-dimethylethyl)-1H-1,2,4 triazol-1-ethanol} and Triadimephon [1(4 chloro phenoxyl-3,3 dimethyl 1-(1H-1,2,4 thriazol-1-il)-2-butomene), respectively.
During the crop cycle, the dates of anthesis and physiological maturity were recorded using the scale proposed by Zadoks et al. (1974) . At maturity, the plants in a 2 m length of row (ca. 65 plants) of each experimental plot were harvested. A sub-sample of 20 plants was divided into main stems and tillers. All plants were divided into grain and the remainder of the above-ground portion of the plant. Grain and straw biomass were determined on all samples, and subsamples ground for nutrient analysis. Macronutrient (Ca, Mg, K, P and S) and micronutrient (Cu, Fe, Mn and Zn) contents were determined at the University of Adelaide on the nitric/perchloric acid digested samples using inductively coupled plasma spectrometry (ICPS; Zarcinas et al., 1987) . Macronutrient and micronutrient yields (mg/m2) in both grain and straw were calculated for main stems and tillers, in each plot.
Analysis of variance of whole plot data was conducted using the corresponding split-plot design. For comparisons between stem category (main stem vs. tillers) a split-split plot design was used, with sowing date as the main plot, genotype as the sub-plot and stem category the sub-sub-plot.
Results

General
Sowing date significantly affected grain yield and most related traits at harvest. Thus, grain yield, aboveground biomass and plant height were higher in S 2 . Overall, grain yield and biomass were ca. 30% higher in S 2 while plant height increased only 7%. On the other hand, sowing date did not modify biomass partitioning (Table 1) . There was also a clear effect of genotype on grain yield, harvest index and plant height, but no effect on above-ground biomass (p >0.10). Grain yield and harvest index were ca. 30 and 50% higher, respectively, in the conventional cultivars than in the synthetic. In contrast, the synthetic line was ca. 30% taller than the modern cultivars. There was no interaction between sowing date and genotype for traits shown in Table 1 . Considering that the genotypes reached anthesis and maturity at similar dates (see Calderini & Ortiz-Monasterio, 2003) , these results show that the main difference between the cultivars and the synthetic line was associated with biomass partitioning.
Element concentration and yield in the grain and element uptake in above-ground biomass
Concentrations of Fe, Mn, Cu, Zn, Ca and Mg in the grain were not affected by sowing date. On the other hand, K and P increased 22 and 8%, respectively, and S was slightly reduced (4%) in S 2 (Table 2) . Genotype significantly modified (p <0.05) concentration in grain of most nutrients, with the exceptions of K and S (Table 2 ). Compared to the mean of the two cultivars, the synthetic had higher concentrations of micronutrients (25, 29, 11 and 25% greater concentrations of Fe, Mn, Cu and Zn, respectively) and some macronutrients (16 and 20% greater concentrations of Mg and P, respectively), while Ca concentration in grains was lower (24%). There was no interaction between sowing date and genotype with respect to nutrient concentrations except in the case of K. This was mainly due to the similar concentrations shown by the synthetic in both sowing dates, compared to the large increase found in the cultivars in S 2 .
In accordance with the effect of sowing date on grain yield, element yield in the grain was higher in S 2 for all nutrients (Table 3 ). The effect of genotype on Cu, Ca, K and S yield was also significant (p <0.05) ( Table 3 ). The clearest effect of genotype on the yield of these elements in the grain was the higher Cu yield attained by Bacanora T88 and the lower Ca yield of the synthetic line. The lower Cu, K and S yields of the synthetic were more evident in S 2 , probably due to the smaller increase in grain yield (Table 1 ). The yield of these elements (Cu, K and S) in the grain showed significant interactions (p <0.05) between sowing date and genotype. However, yield of Ca in the grain was markedly lower in the synthetic than in the cultivars at both sowing dates. Sowing date had different effects on the uptake of elements in above-ground biomass. For example, the uptake of Mn, Zn and Ca was similar between S 1 and S 2 but Cu, Mg, K, P and S uptakes were greater in S 2 (Table 3) . Interestingly, genotype variability was found with respect to the uptake of Fe, Mn, K and P. Uptake of all these nutrients was greatest in the synthetic (Table 3 ). There was no interaction between sowing date and genotype except for K uptake (Table 3) . Within the macronutrients, the highest uptake was found for K followed by P, S, Ca and Mg. Among the micronutrients, Fe (data available only for S 2 ) had the highest value followed by Mn, Zn and Cu (Table 3) . Although there was agreement between element uptake and element yield in grains across genotypes, K and P showed clear differences. For example, K uptake was 350% higher than P uptake, however, K was only 11% higher than P yield in grains. This difference indicates that most of the K ab- Table 4 . Correlations between element above-ground uptake, above-ground biomass and grain yield, (mean trait values from Tables 1 and 3 ). Boxes shadowed show the association within micronutrients (light shadow) and macronutrients (dark shadow) sorbed by the plant remains in the non-grain biomass after harvest.
To explore the association between element aboveground uptake, above-ground biomass and grain yield, phenotypic correlation analyses (Table 4) were carried out on the data summarised in Tables 1 and 3 . Consistently, close associations were found between element above-ground uptake and above-ground biomass (Table 4) . However, while the synthetic line and the cultivars had similar biomass both in S 1 and S 2 (Table 1) element above-ground uptake of the synthetic was higher for several elements (e.g. Mn was ca. 30 and 35% higher than that of the cultivars in S 1 and S 2 , respectively), showing a greater ability of the synthetic line to uptake elements (see Table 3 ). On the other hand, no association was found between element above-ground uptake and grain yield. This was mainly due to the lower harvest index showed by the synthetic line.
There were differences in the correlation coefficients of the element above-ground uptake between different elements. The uptake of all elements evaluated was positively correlated with Ca and Mg uptake, except for S, which was not correlated with Ca. All macronutrient uptakes were positively correlated except for the case noted of S and Ca. Among the micronutrients, all three were correlated with Ca and Mg uptake, but, whereas Cu and Mn uptake was correlated with K, Zn uptake was correlated with P, S and Mn.
An important point to be highlighted was the lack of correlation between element above-ground uptake and element concentration in the grain among genotypes. Macronutrients provide a clear example of this. Although genotypes showed similar values of element above-ground uptake for Ca, Mg and S, element concentration in the grain of the synthetic was lower in the case of Ca, similar in the case of S and higher in the case of Mg than in the cultivars. In addition, although the synthetic line showed higher K and P above-ground uptake, element concentration in the grain was similar in the case of K and higher with respect to P than in cultivars. Among the micronutrients, the synthetic attained higher element concentrations in the grain than the cultivars, regardless of element above-ground uptake (Tables 2 and 3 ). This indicates that element partitioning to the grain was independent of above-ground uptake.
Element harvest index
Element harvest indexes were generally not modified by sowing date (p >0.05) . Only in the case of Zn were there significant effects, mainly due to increased Zn partitioning to the grain in Bacanora T88 in S 2 . On the other hand, the effect of genotype was significant (p <0.05) for all the elements evaluated. The synthetic had the lowest harvest indexes with respect to all the elements at both sowing dates (Table 3) . The cultivars had similar element harvest indexes for both macronutrients and micronutrients. The only interaction between sowing date and genotype was with respect to K harvest index, strongly influenced by the greater K uptake of the synthetic in S 2 .
Important differences between elements were found on their levels of partitioning at harvest. For example, the highest value of element harvest index was found in P while Ca showed the lowest (Table 3) . The ratio between element harvest index and dry matter harvest index (eHI/HI), a measure of the differential partitioning of an element and dry matter, across sowing dates and genotypes, showed that Cu (36%), Zn (71%), Mg (18%), P (92%) and S (9%) were preferentially partitioned to the grain. On the other hand, Fe (-64%), Mn (-12%), Ca (-78%) and K (-52%) harvest indices were lower than dry matter partitioning at harvest. With respect to genotypes, the synthetic line achieved higher eHI/HI ratios than cultivars for most of the elements. For example, ZnHI/HI (97% and 57%) and PHI/HI (112% and 82%) were higher in the synthetic line than in Bacanora T88 and Rayón F89, respectively. However, the FeHI/HI ratio was similar between the synthetic (-64%) and the cultivars (-63%), and CaHI/HI ratio was slightly lower in the synthetic (-84%) than in cultivars (-76%). These data show that, in general, the synthetic expressed a greater effect on element partitioning than on dry matter partitioning, although this was not universal.
Main stem and tillers
The analysis of element concentration in grains between stem category (i.e., main stem and tillers) showed that there was a significant effect (p <0.01) only in the case of Ca. Though grains from tillers consistently showed lower concentrations of Ca than main stems this difference was small (-3.7, -3.3 and -4 .1% in Bacanora T88, Rayón F89 and the synthetic, respectively). Taking into account that there was no interaction between stem category and sowing date (p >0.05), element concentration for these two categories of stems is shown as the average of S 1 and S 2 (Figure 1) . The elements harvest indexes across stem category was also evaluated for the genotypes in S 1 and S 2 . Although similar partitioning of elements was found between main stem and tillers the synthetic line showed a trend for higher harvest indexes in main stem while the cultivars (especially Rayón F89) showed a trend for higher harvest indexes in tillers (Figure 2 ). The highest difference was found for KHI of Rayón F89 in S 1 , where the partitioning of main stems was 14% while tillers reached 25%. In addition, CaHI of the cultivars in S 1 also showed big differences between stem categories. Thus, the values of CaHI of the main stems (7.5 and 9%) were substantially lower than those of the tillers (12 and 16%) in Bacanora T88 and Rayón F89, respectively. This different element partitioning showed by stem category agrees with the difference of dry matter partitioning between main stem (ca. 40%) and tillers (ca. 50%) found in cultivars in S 1 . In contrast, the synthetic showed a similar dry matter partitioning within each stem category, i.e. main stem (32%) and tillers (36%).
Discussion
As reported previously (Calderini & Ortiz-Monasterio, 2003) , genotypes used in this study had similar phenologies (anthesis and physiological maturity dates). This was one of the main criteria for selecting the genotypes, in order to facilitate the comparison of results.
In this experiment, the concentrations of micronutrients and macronutrients in grain were within the range of data reported by Batten (1994) in a study evaluating a huge range of commercial wheats grown in Australia, Canada, the United Kingdom and the United States. However, grain Cu concentrations shown here were close to the lowest range of values reported by Batten (1994) .
This study confirms previous works (Villareal et al., 1994) where it was shown that synthetic hexaploids could reach similar grain yields than wheat cultivars (see S1, Table 1 ), and higher element concentration in grains (Cakmak et al., 2000; OrtizMonasterio & Graham, 2000) . However, in this experiment the synthetic had higher concentrations of Fe, Mn, Zn, Mg and P in grain at harvest but lower concentration of Ca, and similar or higher concentrations (depending on the sowing date) of Cu, K and S. This suggests that the potential impact of synthetic hexaploids on nutrient concentrations would depend on the element.
Taking into account the fact that the synthetic showed similar or lower element yield in grain compared to cultivars, the higher element concentration in grain shown by the synthetic was possibly due to a lower dilution effect of elements on grain dry matter. However, this was partialy true because at S 1 , when grain yields of the synthetic and cultivars were similar, the synthetic reached higher element concentration in grains for Fe, Mn, Cu, Zn, Mg, K, P and S. In addition, calculating element concentration in grains based on element yield in grains reached by the synthetic (Table 3 ) and grain yield reached by cultivars in S 1 (Table 1) , element concentration in grains for Fe (44.3 mg/kg), Mn (39.5 mg/kg), Zn (24.9 mg/kg), Mg (1381 mg/kg) and P (3625 mg/kg) were higher than in the cultivars. Therefore, at least in S 1 , the higher element concentration in grains found in the synthetic was not solely due to a dilution effect.
One of the clearest differences between the synthetic and cultivars was that the synthetic showed higher element above-ground uptake for Fe, Mn, K and P than cultivars. As the synthetic had similar biomass at harvest to the cultivars, results obtained in the present study show that the synthetic had higher uptake efficiency for Fe, Mn, K and P than the cultivars implicating the synthetic as a valuable source of germplasm for increasing element uptake. Important and valuable germplasm variability was found previously (Schlegel et al., 1998) for Zn efficiency to produce biomass in crosses between wheat (T. durum; T. aes-tivum; T. turgidum) and relatives such as Agropyron elongatum, Ae. sharonens and Ae. venticrosa.
The other clear difference between the synthetic and cultivars was the notoriously lower element harvest index shown by the synthetic. This was the trait that impeded higher element yield in grains. Therefore, increased element partitioning to the grains will increase both element grain yield and element concentration in grains. A speculative but useful question would be to ask if elements harvest index could be increased in the synthetics. The possible way to achieve a higher element partitioning is by increasing dry matter partitioning because changes in harvest index also modify element harvest index (see Austin et al., 1980; Slafer et al., 1989; Calderini et al., 1995; OrtizMonasterio et al., 1997b) . Fortunately, wheat breeding has been extremely successful on increasing dry matter partitioning by reducing plant height (Austin et al., 1980; Slafer et al., 1994; Loss & Siddique, 1994; Calderini et al., 1999) , which could be easy in synthetics since they are taller than modern cultivars (see Villareal et al., 1994 ; Table 1 ). The increase of element partitioning in the synthetic by reducing plant height could produce a different effect on element HI depending on the element. For example, Miller et al. (1993) showed that less than 20% of the vegetative Fe was mobilised to the grain in wheat, whereas more than 50% of the Zn was mobilised. Similar data were found in the present study. Therefore, this difference could suggest a different impact of HI increase on Fe and Zn partitioning. However, results obtained in the present study show that the synthetic line has higher ability for uptaking elements, and this line could be a valuable source of germplasm for increasing element concentration in wheat grains if biomass and element partitioning can be improved.
